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Abstract 
Maintaining and improving landscape connectivity represents a central objective in biodiversity conservation. The present study 
aims to evaluate the functional connectivity of the Romanian Natura 2000 forest sites for mammals, and to determine the 
importance of individual forest patches in maintaining landscape connectivity. We established three groups of mammals 
according to the dispersion distance and the average home-range size: small mammals (1km; 1ha), intermediate (10km; 100ha) 
and large mammals (100km; 1000ha). For measuring the connectivity we used a graph theory approach and the software 
CONEFOR 2.6. The importance of each patch as an indicator for the connectivity of forest surfaces was determined using a 
binary index, the Harary index (dH). Forest surfaces included in the Natura 2000 network present a high connectivity for 
terrestrial mammals with a large dispersion value and home range when compared with other categories of mammals. 
Furthermore, results evidence that the connectivity objective of the Natura 2000 network is not totally fulfilled, especially for 
protected forest surfaces, requiring the focus of future activities on increasing the connectivity of the network. 
 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The loss of connectivity in forest habitats is one of the main problems for biodiversity conservation and 
conservation planning [1, 2, 3, 4], mainly due to habitat loss and fragmentation [5]. Maintaining and increasing 
landscape connectivity is important [6, 7], ensuring the dispersion of individuals and gene flow, essential in order to 
                                                        
* Corresponding author. Tel.: +4-021-310-3872; fax: +4-021-310-3872. 
E-mail address: mihaitaiulian.niculae@g.unibuc.ro 
 2016 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ECOSMART 2015
29 Mihaita-Iulian Niculae et al. /  Procedia Environmental Sciences  32 ( 2016 )  28 – 37 
stop the populational decline of certain species [8]. This can be done by setting up new corridors that will help 
organism dispersion or new habitats in critical areas [9]. 
To find ways to improve the landscape connectivity and thus the conservation status, specific methods to assess 
the existant landscape connectivity have to be selected. These methods evaluate both the structural and the 
functional connectivity through patch analysis [10]. The functional connectivity shows the degree in which the 
landscape facilitates or obstructs the movement of organisms between the landscape patches [11]. One of the 
methods used in landscape ecology is the graph theory [3, 12-15], allowing landscape connectivity assessment and 
representation. The graph theoretical methods (network analisys) requires indicators to identify key components of 
the landscape their importance for the connectivity [9].  
Base elements for building landscape graphs are:  the number of nodes (N) or habitat patches, and links (L) or 
connecting elements [3, 13, 16, 17]. A link between two patches allows an organism to move between the two 
connetcted patches [3]. Links can be well defined physical ecological corridors or favorable land cover [9, 17]. The 
importance of the nodes or links for a habitat graph, in order to identify conservation priorities, is evaluated by the 
use of topological indicators [9]. Recent methods sugest including indices to characterize the of graph nodes (habitat 
patches), such as Hararry index [14].  
Globally, forest habitat loss and fragmentation is one of the main causes that influence the populations of forest 
species, as they have specific demands for size and quality of their habitat, also low mobility in some cases [18-20]. 
Many of the forest mammals do not cross easily large open spaces [21]. 
Nature 2000 is a European Union network of protected areas aimed at improving the conservation status of 
species and habitats of community importance [22]. In the Nature 2000 network of protected ares, forest habitats are 
among the most unchanged ones, providing living conditions for different species of mammals [6], many included in 
Habitats Directive [23] list of species of community importance. More than half of the Natura 2000 sites are covered 
with forest. It is extremely important for the Natura 2000 network to maintain or improve the conservation status of 
the forest included in sites of community importance [24]. 
The Joint Research Center of the European Comission has looked into the protected areas, including forest ones, 
fragmentation and connectivity [6]. These activities are mentioned in the European Biodiversity Strategy to 2020 
and are necessary to reach targets 1, 2 and 3, aimed and reducing and improving species and habitats status in 
accordance with the EU legislation, improving ecosystems and ecosystem services by creating green infrastructures 
and restauration of damaged ecosystems, ensuring the sustainability of forest areas through better forest 
management planning [25].   
Management measures for the forest included in Natura 2000 sites have to address the biodiversity conservation 
problems, taking into consideration the structure and surface of the forest, regeneration capacity, environmental 
vulnerability [26]. Furthermore, management measures have to provide answers for connectivity issues inside and 
between the protected areas [6]. In Romania, the development of the Natura 2000 network of protected areas started 
in 2007 and determined significant changes in the biodiversity conservation policies [27].  
Although the Romanian legislation regarding the Nature 2000 network of protected areas is quite comprehensive, 
implementing it at national level proved a difficult task [24]. One of the most important ideas behind the Nature 
2000 project is to ensure the connectivity of the most important areas for biodiversity conservation at national and 
European level.  
Our study aims at establishing a scientific method useful to territorial planners and conservation specialists as an 
instrument of evaluating the connectivity of the protected areas network for groups of species. The objectives of the 
present study are: a) to assess the functional connectivity of the Romanian Natura 2000 forest sites for terrestrial 
mammals, b) to determine the importance of individual forest patches in maintaining the landscape connectivity. 
Finaly, we identify the priority areas for activities of conservation using the general principles from the spatial 
planning for conservation. 
 
2. Methods 
 
2.1 Study area 
The study area is the Romanian territory with its five European biogeographical regions: Alpine, Continental, 
Pannonian, Steppic and the Black Sea [27]. Of these regions, the largest in Romania is the Continental region, 
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(~56.5% of the total surface of the country, 238,391 km2). The Alpine region is ~21%, the Steppe and the Black Sea 
~16.5% of the total surface of the country, while the Panonian region is the smallest with ~6% [28]. Forest cover 
70,760 km2, which is ~29.5% of the Romanian territory [29]. Most of the forest is to be found in the mountain and 
hilly areas of the Alpine and Continental regions. Agricultural fields cover 55.5% of the country’s surface, while 
artificial surfaces, semi natural areas, wetlands and water bodies cover 15% of the total, as show the CORINE Land 
Cover, level I data [29]. 
 
2.2 Materials and methods 
 
Forest areas included in the Sites of Community Importance (SCI) of the Natura 2000 network have been 
highlighted in order to evaluate the functional connectivity. Of the 383 SCIs in Romania, 313 sites protect forest 
habitats included in Anexe I of the Habitat Directive [23] and are the subject of this study. The surface of the forest 
included in SCIs is around 32% of the total forest cover in Romania. Approximately 56 % of this surface is occupied 
by the forest patches we analysed (Fig. 1). 
 
 
We extracted information about forest distribution from the CORINE Land Cover data set, year 2000 (29). Forest 
surface is 9.5% of the total surface of the country. The spatial distribution of the SCIs was extracted from the 
European Union official Nature 2000 network database in vector format (available at 
http://www.eea.europa.eu/data-and-maps/data/natura-5#tab-gis-data) (30).  These areas cover 17.4% of the total 
surface of the country. 
The study evaluated the connectivity of the forest patches for land mammals at diffent territorial scales, 
considering the size of their home range and the species’ dispersion distance. Using these two inputs, mammals 
were classified in three categories: small mammals (Scenario 1, home range at least 1 ha, dispersion distance 
maximum 1 km), intermediate mammals (Scenario 2, home range at least 100 ha, dispersion distance 10 km) and 
large mammals (Scenario 3, home range at least 1000 ha and dispersion distance 100 km). The classification relates 
to small, intermediate and large body mass (31). For every scenario, the network includes forest surfaces that fulfill 
the minimum home range criterium as an indicator of dispersion distance (32): 1 ha for small mammals, 100 ha for 
Fig. 1 Distribution the of Sites of Community Interest and the forest sites in Romania 
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intermediate mammals and 1000 ha for large mammals (31). Surfaces that do not conform have been excluded for 
the specific analysis of every category. 
Connectivity of the forest landscape has been evaluated using indices based on the binary connection model: 
number of components (NC), number of links (NL) and Harary index (H) [16]. A component represents a connected 
region, a set of nodes in which a path exists between every pair of nodes of a specific network, or an isolated node 
[7, 16]. Links represent connections between habitat nodes in network, the higher the values, the more connected the 
landscape and the better connected the forest patches are the higher value of the H [16]. 
To quantify landscape connectivity and the importance of forest patches for maintaining landscape connectivity 
for each scenario, we used the graph theory approach [14, 30] and the Conefor 2.6 with graphical user interface soft 
[31], available at http://www.conefor.org/coneforsensinode.html) with inputs the pattern of forest patches and 
dispersal distance. The nodes that constitute the network correspond to the SCIS protected forest patches, with the 
minimum surface each group of mammals was attributed (1 ha, 100 ha, 1000 ha). For the three landscape scenarios, 
the resulting number of nodes was 2945 (Scenario 1), 821 nodes (Scenario 2) and 218 for the last scenario. Distance 
between nodes was calculated from the patches limits (edge to edge) [7, 30, 32]. 
In order to measure the importance of each node (forest patches) as an indicator for forest connectivity, the 
Harary index (H) proved very useful [7, 14, 16, 33]. The importance value of the Harary index (dH) for each node 
was calculated and analysed in the territorial context [33]. Importance of each node for maintaining forest landscape 
connectivity for a specific I indix was calculated as: 
where I is the general value when all nodes in the lanndscape are considered and Iremove  is the general value of the 
index when a specific node is removed [16], folowing the loss of that forest habitat.  
Harary index is calculated as the sum of the inverse values of the topological distance (shortest path) between 
every two nodes (or all pairs of vertices) of the graph [7, 14, 34]: 
where n is the total number of nodes and nlij is the number of links in the shortest path between patches i and j   
[16]. If two nodes, corresponding to two forest patches, are located in two different components, then their 
topological distance is infinity (component is a group of connected patches) [14, 16]. Values of dI can be positive or 
equal to 0. The higher its value is, the more important that node is for the landscape connectivity [9, 16]. 
For each of the three scenarious the values of the dH were distributed across five categories, showing the spatial 
distribution of the nodes that are the most important for maintaining the connectivity. Alongside the five categories, 
in the case of the intermediate and small mammals, nodes with 0 dH were also highlighted. Each case had been 
represented in graphics showing the relation between the dH range and the number of patches, also between the dH 
range and total dA, to explain the importance of each node [33]. dA is not a connectivity index and shows the 
proportion of a specific node to the total surface [16]. 
 
3. Results and discussion 
 
3.1Functional connectivity of the Romanian Natura 2000 forest sites for terrestrial mammals 
 
Analysing the values of binary indices calculated for the landscape in the three scenarios, a very large NC is 
observed for the small mammals NC, 621, indicating a reduced degree of connectivity, compared with the NC for 
the intermediate mammals, 91. The connectivity of forest patches is favorable to large mamals, where NC is 1, all 
nodes being interconnected. The number of links is 3603 for the large mammals, 2359 for intermediate mammals, 
and 3830 for small mammals, where the number of connected forest patches is higher. As for the Harary index, the 
highest values are recorded for the small mammals (30742) and large mammals (10925). 
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An important aspect regarding the connectivity is the surface of the forest patches. The spatial distribution and 
characteristics of the protected forest (included in SCIs) in each scenario (Table 1) show major differences between 
the number of patches, but also between the average surface of each node and the number of SCIS that form the 
network of ptotected areas in each case. 
Table 1 Spatial analysis of protected forest 
Group of mammals Nr. of forest patches 
Total surface of protected 
forest 
(km2) 
Mean area of individual 
node (km2) 
Nr. of SCI for each 
scenario 
Small mammals 2945 22492.86 7.64 313 
Intermediate mammals 821 21994.38 26.79 225 
Large mammals 218 20135.68 92.37 135 
 
Of the total total number of forest patches included in the analysis, ~7% have and individual surface of over 1000 
ha and are distributed over 135 SCI (Scenario 3). The total protected area is 20135 km2. The forest patches of over 
100 ha are ~28% (821 forest patches) of the total number of patches, distributed over 225 SCI (Scenario 2). The 
protected surface is 21994 km2. The largest number of forest patches, 2945, have an individual surface of over 1 ha 
and are distributed across 313 SCI (Scenario1). The protected surface is 11.5% larger than the surface attributed to 
the large mammals’ network and 2% larger than that for intermediate mammals.  
 
3.2 Prioritisation of individual forest patches in maintaining the landscape connectivity 
 
The importance of the selected index (dH) for each node was analysed, offering information about the role of 
each forest patch in maintaining forest landscape connectivity. The maps show the spatial distribution of the index 
for the three scenarios (Small mammals, intermediate mammals and large mammals). For the small mammals group 
(Scenario 1; d= 1km), the index is between 0.003 and 26.143.  
The spatial distribution of the Harary index importance value (dH) indicate that the highest values (dH>10) are 
specific for the forest patches situated in the central part of the country (9 forest patches), where the Alpine 
biogeographical region is (Fig 2). Three of the forest patches have values between 21.36 and 26.14. Values of 0 for 
dH are recorded for 314 nodes, that are considered to be disconnected, as the distance towards other nodes is larger 
than than the 1 km selected threshold. 
For the intermediate mammals group (Scenario 2; d= 10 km), dH values are between 0.012 si 14.044. Six forest 
patches have dH values above 10, and are also located in the Alpine biogeographical region (Fig. 3). 33 nodes have 
0 for the dH, meaning that are disconnected and the distance towards other nodes is over 10 km. For the large 
mammals group (Scenario 3; d=100), index values are 0.517 to 2.438. In this scenario also the nodes with the higher 
values are situated in the Alpine biogeographical region. No 0 values were recorded in this case, as all the nodes are 
connected (Fig. 4).  
Graphics were constructed using dH range and number of forest patches (Fig. 5), dH range and dA (Fig. 6). They 
show the importance of each node for maintaining the connectivity of the forest landscape and also the 
characteristics of the nodes in relation to the percentage of each individual surface of the total surface. 
For the network related to the small mammals group, values of dH<4 and 0.04İdH<0.5, the number of the 
patches is 1409 patches for the first interval, 1158 patches for the second. Total dA is 17.8 for the first interval, 18.7 
for the second. For 1İdH<10 and 10İdH<26.14, there are fewer patches, 27 for the first interval, 9 for the second. 
Total dA values are higher, 26.9 and 27.8 (Fig 5a; Fig 6a). 
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Fig. 2 Harary index value (dH) for each node for small mammals group (1ha, 1km) 
Fig. 3 Harary index value (dH) for each node for intermediate mammals group (100ha, 10km) 
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dH has mostly values between dH< 0.2 si 0.2İdH< 0.5 for the intermediate mammals group, 314 patches for the 
fisrt interval,  344 patches for the second), total dA being rather the same (15.2 and 15.9). Only six patches are 
found between 10İdH<14.05, but the total dA is higher, 33.23 (Fig 5b; Fig 6b). 
As for the large mammals group, in the intervals 0.5<dH<0.8, 0.8≤dH<0.9, 0.9≤dH<1, the number of patches 
found is 49, 38 and 54 respectively, but the total dA is 10.1, 7.5 si 23.5. The largest numbers of patches (76 of the 
total 218) have dH values between 1 and 2, where total dA is higher (49.3). A single patch has a dH between 2 and 
2.44, where the dA is 9.65 (Fig.5c; Fig. 6c). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Harary index value (dH) for each node for large mammals group (1000ha, 100km) 
b c 
Fig. 5 dH Ranges vs. Number of patches in the corresponding dH Ranges for a) small; b) intermediate; c) large mammals 
a b c 
a 
Fig. 6 dH Ranges vs. Total dA in the corresponding dH Ranges for a) small; b) intermediate; c) large mammals 
35 Mihaita-Iulian Niculae et al. /  Procedia Environmental Sciences  32 ( 2016 )  28 – 37 
4. Discussion 
 
Following the analysis, the study shows that the protected forest patches are well connected for large mammals 
(all forest patches are connected, dH>0), while for small and intermediate mammals connectivity is lower, as it is 
proven by the number of unconnected forest patches (314 nodes for small mammals and 33 nodes for intermediate 
mammals; dH<0). This is shown also by NC values, higher for small and intermediate mammals (lower 
connectivity). 
For the small mammals group’s network, the large number of forest patches, alongside the mean area of an 
individual node, shows a high degree of fragmentation of the forest patches, compared to the large mammals group. 
The major difference regarding the number of patches and the mean area of an individual node between the two 
groups is the total surface of the protected forest (for a large mammal is 11.5% smaller).  
Loss and fragmentation of forest has an important impact on mammal’s distribution across the landscape. It is 
also a factor increasing the risk of local extinction in some patches [18]. For these reasons, the conservation efforts 
should concentrate on reducing the landscape fragmentation. As for the importance of the forest patches in 
maintaining connectivity, specific values are relevant for each scenario. The higher the dH values, the more 
important their role in the linkage of this patches with the other patches in proximity is [33]. 
The three forest patches for the small mammal’s group analysis with the highest dH values (between 21.36 and 
26.14) represent the nodes most important for landscape connectivity. These are located in a series of SCIs: 
Zarandul de Est, Zarandul de Est, Drocea, Defileul Crisului Alb, Muntii Metaliferi, Frumoasa, Gradistea 
Muncelului-Ciclovina, Defilul Jiului, Nordul Gorjului de Est, Nordul Gorjului de Vest, Domogled Valea Cernei,  
For the intermediate mammals group, the forest with the highest dH index is found in Defileul Jiului SCI, Nordul 
Gorjului de Vest SCI, Domogled-Valea Cernei SCI, Platoul Mehedinti SCI. For the large mammals group, the 
highest dH (2.438671), is found for the forest in Fagaras Mountains SCI, Piatra Craiului SCI, Leaota-Bucegi SCI, 
Raul Targului-Argesel-Rausor SCI, where the landscape connectivity is better. All these SCIs are located in the 
Alpine biogeographical region. 
In the European Union, the efficacy of the Natura 2000 network is evaluated at biogeograhical regions level [27]. 
The dH index values spatial analysis for the three scenarios show the highest values are recorded for the forest 
patches (nodes) situated in the Alpine biogeographical region, in the Carpathians mountain range (Meridional 
Carpathians and Occidental Carpathians). The Alpine biogeographical region is considered a critical region for 
forest landscape connectivity in SCIs of Romania. For this region, a number of key SCIs for maintaining 
connectivity were identified. These must be targeted with priority when conservation measures are considered.   
Comparing dH ranges with the number of and total dA in the corresponding dH ranges, the fragmentation of 
forest surfaces for small and intermediate mammals was highlighted. In the first scenario, where dH<0.4 and 0.4İ
dH<0.5, a high number of patches (1409 for the first interval and 1158 patches for the second) is linked to a dA of 
less than 20 in each case, which signifies the forest patches are very fragmented. This means these nodes are less 
important for maintaining landscape connectivity. Where dHı10, there are only 9 patches, and the dA is highest 
(~27), signaling patches important for maintaining connectivity. The same is the case for the interrmediate 
mammals.  
Forest patches included in large mammals forest patches network were a subset of the intermediate mammal’s 
network, and these were a subset of small mammals forest patches network [30]. The importance of each patch can 
be correlated with its size, surface playing an important rol for connectivity [33], but in most cases which is more 
important depends on the matrix representation and dispersal distance [5, 35]. 
Most of the time, the analysis of the connectivity done by using distance underestimates the role of patches with 
smaller surfaces [5]. Smaller patches are often critical elements in the network [35] functioning as stepping stone 
between the large patches, situated farther away [36]. Even if the number of small surface forest patches inside 
Romanian SCIs is rather large, their rol is essential for maintaining landscape connectivity. Forest patches less than 
1000 ha in protected areas cand be used even by large mammals as stepping stones for getting to larger habitats. 
This is also true for the less than 100 ha forest patches in the case of the intermediate mammals. 
To improve more the connectivity, when larger patches are impossible to maintain, at least smaller patches can be 
implemented and protected, to function as stepping stones, increasing the existing landscape connectivity and 
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communicaton between elements [37]. Implementing Natura 2000 in Romania in a very short time frame, without a 
proper public consultation, created many negative reactions and adversity [24].  
Using the principle of spatial planning for conservation in designing the Natura 2000 network, can generate an 
optimum network for species conservation, as it was foreseen in the EU Directive. Presently, one of the main 
objectives of the Natura 2000 network in Romania, the protected areas connectivity, is still not achivied. As the 
vulnerability of large and small mammals will increase, due to pressure from human activity, connectivity must still 
be preserved.  
The landscape graph analysis can be used in various studies to describe quantitatively a landscape as a series of 
patches interconnected spatialy and functionaly. The Harary index H can be used to cuantify the landscape 
connectivity statisticaly and ecologicaly [14]. Harary index is showing the conexions between topologically vertices 
which are close in the graph [14]. Calculating a single index (dH) in order to evaluate how important each node is, 
constitutes a limitation of the study. Using the Euclidean distance for measuring the accessibility between nodes it is 
not recommended for terrestrial mammals, as it is not taking into consideration the landscape’s heterogeneity and 
friction effect [32]. The matrix resistance used in connectivity analysis depends on data availability for species [38] 
and resistance surfaces based on land cover data. To enhance the relevance of the study, another index must be 
added, as the Integral index of connectivity (IIC), the probability of connectivity (PC) index and the dPCconnector 
fraction [7], that can better serve to assess the connectivity [17]. 
 
5. Conclusions 
 
The methods used allowed the evaluation of the forest in protected areas and the identification of the most 
important patches for landscape connectivity relevant for mammals. Results shown that critical areas for 
connectivity must be addressed with priority with adequate management measures. Also, new surfaces must be 
identified in order to be included in the network of protected areas and new habitats created, even smaller ones to 
function as stepping stones. Future studies must also look into the legal context, costs and other aspects. As 
landscape connectivity is extremely important for mammals.  
This study shown that there is at least one aspect that the Natura 2000 network failed to address, in the case of 
forest sites, connectivity for mammals, especially for the low dispersion ones, being low. 
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